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EXECUTIVE SUMMARY

The mageto-optic/eddycurrent imagng technolog has been developed and approvedrlhg
Boeing Company, the U.S Air Force, he FAA, and dters forinspedion of cracksin aircraft
This relatively new nondestructive testingnethod gves the inspectothe ability to quickly
generate real-time eddyurrent imags of larg surface areas.

Previouslya Phase ISmall Business nnovative Researcf(SBIR) contractdemonstratedhe

ability to geneate improved, complde, rea-time magneto-optideddy-current images of

subsurface corrosion and crackingMultidirectional eddycurrent exitation, enhancedow-

frequency operation, improved electromagtic shielding image processing and sensor
improvement were all demonstrated or evaluattécommendationsasedon this researcHed

to the Fhase I work scope.

This Phasellresearch resulted in the development of & gexeration, prototge mageto-optic
imagng instrument with multidirectional edeyurrent exitation, remotely progammable
system settings, on-screendisplay of system setup information, and improved shieldiiog
enhancedmages. Some of these new feateshavealreadybeensuccessfuy incorporagd into
an improved, ommecially available imager.

viiviii



INTRODUCTION
PURPGEE.

The purposeof this projet was to extend thecapabilities and to improvethe paformance of the
magneto-opticimagng (MOI) instrumentsand technolog for inspection of subsurface corrosion
and crackng, espeally as rested to the fusedge of agng aircraft The magneb-opic/eddy-
currentimager hadbeensuccessfullydeveloped and approved bycraft manufacturers and the
Federal Aviation Administraton (FAA) for inspecton of surface cracksnicommercia and
military aircraft[1-4]. The MOl also showed promise for inspection of subsurface crackidg
corrosion. This progam soudit to add the improvements necesstoryqualify it for these
additiond inspections.

BACKGROUND.

A previous Phase3mall Businessrinovation Research ($B) contractdemonstratethe ability
of the magheto-opticimagng technolog to inspect for subsurface crackiagd corrosion in the
fuselag of aircraft [5]. In Phase || the low-frequencycapabilities of the agting MOI were
improved,and an advanced, multidirectionalc#ation method was developed?hase Il with
the combinedsupport of the Department of Transportaticaléral Aviation Administration and
NASA Langey Research Center, implemented these improvemends advancedprototype
instrument and moved toward commerciafian. The advanced protghe MOI system
development is described in this reportMany of the keyadvances havalready been
incorporated into an improved M@D3 inspection stem which was introduceat the 1996 Air
Transport Association Nondestructive Testing (ATA/NDT) Forum in Seattle, W. This
instrument is now ommaecially available.

PHASE | SUMMARY

Phase | of this effort has sucessfully demonstraed the use of multidirectiond eddy-current
excitation for improved image generation of aacks and arrosion in é&uminum [5]. The addition
of metallic shieldingaround the sensor resulted in improved iexqgglity. Analysis of theeddy
currentexcitation waveformshowedthat it was not optimum for the low-frequenexcitation
used for subsurface corrosion and crack detectaord more efficient waveforms were
subsequenthdeveloped. Image processingmethods were also phored, alongwith potential
sensor improvements.

With eddy-currentexcitationapplied in two orthognal directions, it was demonstrated that more
completeimages could be gnerated. Furthermore, this bi-directional eddyrrent exitation
scheme resulted in imeg) with geater sensitivityto cracks and corrosioninstrumentswere
modified for the laboratorywhich first applied exitation in one direction and then the other.
Additiond modifications to thee instruments dlowed the excitation to be applied in both
directions simultaneouslyvith the second, orthogal direction phase-shifted 90 degs from
the first direction. This second approachemgerated the best imeg and demonstrated that
excitation applied in two orthamal directions was sufficient for complete ireagneration.



Aluminum and Mumeal shidding in the vicinity of the sensor greatly improved the signd-to-
backgoundnoiselevel of theimage. The aluminum shieldingplaced outside the eddwrrent
excitation foil, confined and directed the induced magnetic fields so thathey interacted with the
workpiece more efficiently Mumetal located insidghe eddycurrent induction foil also
improved the imagp, althouy the effect was much leggonouncedthan for the aluminum
shidding.

The squae-wave voltage waveform goplied to the stgp-down trasforme in the imager was
analyed and found to be fairly inefficient, particularlyat low frequencies. Much of the
excitation energy was tansferredd the workpece athigher harnonic frequenaes raher han he
desired fundamental frequencx number of concepts for improvement were formulated.

Imageswereacquired with a computer frameapber and processed in an attempt to improve the
image appearance.The backgound ima@ noise caused bthe residual magetic domains is
distracting to many opeators. While the existence of these domansis necessay for the prope
opeaation and fundioning of the present sensor, it is dsirable to minimizether appearance or
eliminate them from view entirely. A variety of standard imag processingmethods were
evaluatedbut it was somewhat difficult to eliminate the baakghd noise since it is nonrandom
in naure

PHASE | WORK SCOPE/TASKS

SYSTEM OVERVIEW.

Thegoal of thePhasdl research effort was to incorporate the advanced techndégonstrated
with laboratory equipment in Phase ihto a functional, fieldworthyprototype imager. A
functional block diagam of the Phasel Iprototype sytem is shown in figre 1. This system
represents a fulljunctional, preproduction protqig instrument.In addition to completing the
new technoloy prototype, an advanced commercial instrument, the N8B, was developed,
commercialied, and released in September 1996, incorporatengyof the enhancedaorrosion
imagng features.

COMPUTER AGER
(Optional) POWER UNIT
Multidirectional eddy-current
Programmable Multidirectional eddy-current excitation y
f[htrm;gh 38-232 excitation Color CCD camera
Ing{aatf?information Remote .programmable Remote pushbutton operation
= operation Single cable connection
P:)?/t/q:ﬁr:\:/)& Blé"tz'igz\/ideo display ; On-screen video information
RS- computer interface ;
Operating mode P Vldgo output ftor personal
Image level viewing system

FIGURE 1. A FUNCTIONAL BLOCK DIAGRAM OF THE NEWPHASE Il MOI 305
PROTOTYPE SYSTEM



Other featureswere evaluated,but not fully implemented in the Phasé prototype imagng
system. Two such features are imagmapping and electronic backgund reduction for
enhancinghe direct imags. The efforts are described more fullyder Task 5Thecomponents
of the prototpe sytem are listed in appendix

TASK 1. NEXT GENERATION POWER UNIT.

The main purposeof this task was to develop a new, fieldwortpyototype power unit
incorporatingthe new technolggand features demonstrated with laboratequipmentduring
Phase .l The features in the new power unit, desigd the MOBO5, include multidirectional
eddycurrent exitation, a progammable power module for remote operation with the @naiga
systemcomputeranda built-in video display A block diagam of the prototye MOI 305 power
unit highlighting the keyfeatures is shown in fige 2.

Video 1 from imager
Display
1 to k
Controller [
+ Multidirectional

Eddy-Current |
Video > Excitation ?‘
1: Output Output Module i

to VCR‘t +
or monitor
A‘ La Programmable
+ Eddy-Current
RS-232 Excitation
€| Computer Input Power/ ') Power Module
to computer] Interface DC Power Supply

. F

FIGURE 2. A BLOCK DIAGRAM OF PHASE | MOI 305 PROTOTYPE POWR UNIT

MULTIDIRECTIONAL EDDY-CURRENT EXCTATION. Development of a multidirectional
eddycurrent exitation module was the keglement inthe new MOI 305 power unit desiqn.
Phasel demonstratedhat this improved method for apptg eddycurrent exitation was
feasible. A new eddycurrent induction assemblyas developed with two sets of step-down
transformerswith the secondsetarrangedto induce currents orthagal to the first set, as shown
in figure 3. The eddy currents wee gpplied in thefirst direction and dter theinitial excitation
bursttheywereappliedin the orthognal direction. Because the sensor has a memitrgtored
the image informaion generated by the initial burst, dlowing the subsguent burst to fill in the
missingddails.




currents

FIGURE 3. THE MODIFIED TRANSFORMER/FOL ASSEMBLY ALLOWING CURRENTS
TO BE APPLIED IN ORTHOGONALDIRECTIONS

The next important elementof the power unit desig was the development of a method to
simultaneously apply eddycurrent excitation to the two orthognal directions of the
transformer/foil assemhly To do this, a second set of driggnals was generatedthat was
phase-stited 90 degees wih respecto the orginal drive signal. This drive signal wasappied

to the new transformer/foilassemblyusinga second separate power unit which was slave to the
first and properlyphased.Current was first applied in onlyne direction as shown figure 4a.
After aslight time dday equd to 1/4 thepeiod of thewaveform, thecurrent in the orthogond
directionalwasturnedon, asshown in figire 4b. This resulted in an effective rotation of the
current vector from ato b a illustrated in figure 4i. The currents @ntinue to be gpplied
sequentiallyas shown in figre 4c throug h, and the effective current vector continues to rotate
(clockwise) as shownin thefigure 4i. This rotding, swesping current vector fills in theimage in

all directions, resultingin high qudity, complee magneto-opticimages.
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FIGURE 4. THE APPLIED PHASED EDDY CURRENTSSHOWN SCHEMATICALLY IN
a THROUGH h, WTH THE EFFECTVE CURRENT DRECTION TO ROTATE
AS SHOWN IN i



During the initial stages of the Phase Il progam, it was shown thaboth of thepowe output
circuits that supplyhe eddycurrent exitation to the transformer pairs could dperatedirom
the samehigh-voltage source without interferingvith each other. This resulted in a much
simpler desig concept since onlgne progammable power module was required.

The progammable power module was a crucial component of the power Ui various
frequencies and power levels of M@lquire widelyvarying voltage andrelatively high currents.
The progammable power module is described in more detail later in this section.

IMPROVED EDDY-CURRENT EXCTATION WAVEFORM. The waveformof the applied
eddycurrentexcitation burst was modified to produce better ireadpy graduallydecreasinghe
trailing edge of the eddy-current excitation burst to zeo, rahe than turningit off abruptly, see
figure5. This filled in theimages beter, especially when high powe levels were required.
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FIGURE 5. THE ORIGINAL TRUNCATED EDDY-CURRENT EXCTATION BURST, a,
AND THE IMPROVED, MODIFIED EDDY-CURRENT EXCTATION BURST
WAVEFORM, b

In Phase,lit was found that the square waveformeafdycurrent excitation was somewhat
inefficient, especiallyat the lower frequencies empém for corrosion inspectionin Phasel|
attemptswere made to improvethe waveform sud tha it was moresinusoidg but this did not
seem to improve the imaggeneration. However, another importardbservationwas made;
truncatingthe eddycurrent exitation burst abruptlyeft portionsof the image in an undesired
reversed (briggt) state, as shown in fige 6a. By steppingthroudh a successiorof the higher
frequenciesatthe end of the burst, the overdriven iraagps filled in and became more solid and
uniform in all directions, as shown in fige 6b. While still not ideal, the modified waveform
now employed by the prototype MOI system yielded the highest qudity images within pratical
limitations.



FIGURE 6. THE APPEARANCE OF AN MAGE GENERATED AT HGH POWER LEVELS
AND AT LOWER FREQUENCES. These imags were gnerated using
truncated eddgurrent exitation burst, a, and the new, modifieccigation burst
waveform, b.

PROGRAMMABLE HIGH-POWER MODULE. It was desired that a capabilitgr remote
sdup of the imaging systan be implemented in the new powe unit. For a typical arcraft
inspectionoperationusingthe MOI, the inspector migt be as far as 40 feet from the power unit,
making powe level or frequency sedting adjustmants telious ad time consuming or perhgos
requiringa second personTo remotelyreconfigure the power unit from either the ineagr a
system computer, a new approach was requitegrevious commercial MQlesiqs, the power
unit relied on a fairly bulky linear power supplyo supplythe eddycurrent exitation circuitry
The relativelyhigh currents needed (up to 20 amperes pexad) were switchedthroudh robust
rotary power switches on the front panélor this newpowerunit, a progammableswitch-mode
powerunit wasrequiredwhich could be controlled with low-level digal commands.This was a
significant undertakingsince the required output vollageeded tcaccommodateéhe various
power levels and frequencysetting which ranged from 10 to about 120 volts DCThe supply
alsohadto deliver about 20 amperes peak power to the loAddescription of the power unit
theoryand operation with circuit diagms is gven in appendiB.

VIDEO DISPLAY AND OUTPUT. With the development of a remote control capabilday
readily visible display of the systan sdup and @nfiguraion was needed. Availability of flat,
active marix LCD TV monitors le to plaing the instrument seéup informdion directly on the
screen. By doingso,the operator could view all important instrument configtion information
through a head-mounted display

Allowing the opeaator to remotdy view the system configurdion entaled generating the on-
saeen video informaion within theimager and meging it with the andog video stream. This
operation had to be done within the iraatp avoid usingnultiple videostreamswithin the main
cable. The analogvideo signal is obtained from a color CCD videameramountedon the
imager. This sigal is split and buffered (isolated from potentiedund loops). One signal is
sentto the head-mountedisplaywhich plug directlyinto the imagr and the other is amplified



and sent to thepowe unit. By amplifying thevideo sighd by afactor of 5 prior to trasmittingit

throudh the man cable and then atenuding it back to thenormad video signd level within the

power unit, noise is reduced hyfactor of about 5This makes the use of a slegable for both
high-voltage and hidn-current eddicurrent exitation and low-level video practical.

The dphanumeic display of the systeam sdup is thus omplaely managed within theimager and
passivelydisplayed onthe LCD TV monitor screen of the power unithe power unit passes the
video signds, with on-seeen display, to auxiliary video devices sud & video recordas or
externd monitors. The informaion to displg is set from thepowe unit viathe man cable to
the imagr. The details of this alphanumeric on-screen displaydiscussed in Task 3.

Noneof the systemseup featires are decly accesdile throudh the power uni Theyare al set
using the push buttons on the ineagor throudn computer commands thrdughe RS-232
interface.

SINGLE-CABLE CONNECTDN. One of the initial gals in the Phasé ¢ffort was to eliminate
the jumble of cables required to connect the enamd video camera to the power unithe
design of the MOI a tha time usal a split-heed CCD camera, meaning that the sensor was
housedseparatelyandremotelyfrom the power and control electronics thrbug 15-foot cable.
Because oftte conplexity of this video cal#, it was notpossble © conbine t with the mager
cable into one bundleThus, the cables oftelormeda tande and presentedlifficulties for the
inspecbr. Early in Phasell, relatively conpact sef-contained cobr CCD caneras srted to
becone commercially avaiable. These camras requied ony 12-VDC power for operabn and
supplied the video output on an unbalanced i@@&NC output. Sincethe properpowerwas
alreadybeing delvered b the imager, it was ony necessaryo add avideo cabk to the power
cable to transmit thevideo signd back to thepowe unit.

The mostdifficult part of this task was to figure out how to dd with the high noiselevels
geneated by the eddy-current excitation signds. With multidirectiond eddy-current excitation,
two high-power, high-frequencysquare-wavesignals are transmitted to the imegthroudh the
main cable. At the lower frequendes, thecurrent waveforms wee squae which lead to alot of
higher frequencynoise associated with switchinpe current on and off. At the higher
frequendes, the waveform was moretriangular, but this waeform still had significant high-
frequencynoise components.

Individual twisted par leads for each gh-power eddycurrentcircuit wereusedto minimize the
noiseto take advanage of the sef-cancelation of ekctical fields. This was sorewhat effecive,
but the resultingcable was completo manufacture, bulkyand had poor flakility which was
not accepdble.

When a 7-conductor cable was used, certain connection caatf@ns led to much lower
crosstalknoise in the power leadS he lowest noise configation had the eddgurrent carring
leadslocatedsymmetricallyaboutthe powerleads. Runninga separate video cable close to this
configuration also resulted in fairbpw video noise, even over a 20-foot run.



A 20-footcabk using a snall video (coaial) cabk in the cengr was hen fabrcatedin thelab for
tesing. With proper bance and symetry, the single cabke conceptworked accepébly. It
remaned difficult to deermine how to distributethe leads so that the induced magnetic fields
from the two pairsof high-power eddycurrent exitation leads would self-cancel and not induce
a large noise level in the power leads or vide®his was done bgplitting the power supply
common (gound) leads and runningvo separate common leads to the iemags shownn
figure 7.

common

+ video coaxial cable in center
eddy-current “A”
y —h

+12vDC —p» @)({2688
-

common

4 eddy-current “B”

<4 -12VDC

eddy-current —

eddy-current “B”

FIGURE 7. THE SNGLE-CABLE CONFIGURATION. The hidh-current, electrically
noisyleads were placed synetricallyabout power leads and caalxcable to
minimize induced noise.

Each pai of eddycurrentexcitation leads lhen stadded ether he +12-VDClead or he -12-
VDC lead. Both eddycurrentleads of each pawere aso abé to lie adpcentto a conmon lead
as well. This resulted in anyoise induced in the + or - 12-volt power lines baiogntered by
the oppositenoiseinducedin the commonleads. With the coaial cable in the center of this
arrangement, thenoisewas dso bdanced and minimized. A customcable, manufactured to the
appropriatespecificationsworked satisfactorily It contains eigt 18-gauge conductors and the
coaxal cable in a verylexible 0.320-inch-diameter bundle.

Even with this optimum connection scheme, there was noticeddt&ricalnoisein the video
signd transmitted back to the powe unit. To furthe reduce this noise the video signd was
boostedoy afactorof 5 prior to beingsent to the power unitlt was then attenuated biye same
factor of 5 within thepowe unit. This dfectively reduced thenoiselevel in thevideo signds to
1/5 the orignal level, makingit less conspicuous.Two MOI 305 prototpe swtems were
assembledThe power unit for these sigms is shown in fige 8.
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FIGURE 8. THE MOI 305 PROTOTYPE POWR UNIT

THE MOI 303 To demonstrae the ability to generate complee images using multidirectiond
excitation, an earlyinterim commercial version of the MQI0O5 was developed, implementing
manyof the enhancementsThe new imagng system, desigated the MOBO03, was introduced

and demonstrated at the 1996 ATA/NDT forum, held September 30 to Octobéne3Seattle
area. The power unit for the MOB03 is shown in figre 9.

FIGURE 9. THE MOI 303 POVWER UNIT



With the increased capagi of the proganmable logic device, an mproved waveform was
developed to drive the eddyrrent exitation foil. Rather than usin@ singe-frequencyeddy
current excitation burst, thefrequency was inaeased in stgs at the trailing edge of the burstto
fill in the image more solidly, especially at the lower frequendes. At the low frequendes, the
magqeticfields inducedby the eddycurrent induction foil are vergtrong especiallyfor surface
obstructionssuchasrivets or holes. In fact, theyare sufficientlystrongenoudp that the sensor
switches darklten Ight on each ogle. When he burstis conplete, the sensormay havebeen
left in a state where part of the ineagmains ligpt. This tends to form an unbalanced irna@y
gradually increasingthe frequencyat the end of the burst, the Higportion of the image is
regeneratedandfilled in. This happens on eachaty automatically The appearance of low-
frequencyimages has thus beenagatlyimproved with the new MO303.

TASK 2. RS-232 NTERFACE.

An automaed MOI inspection system requires the ability to remotdy progam theentire systan
throudh a compute. To complde the automdion proess, thevideo images dso must be
capturedandanalyed. This canbe done directlyvith a video frame bber and the direct video
output signal from the GCD canera.

The remote progamming capability was extended from theimager to an externd termind.
Becauselte anicipated exhang of information betveen he powemnit andcomputer wasvery
limited, simple RS-232 serial communication hardware was chosen.

Adding the RS-232 interface required the addition of a univeasghchronousreceiver
transmitte (UART) to thepowe unit control boad to handle theseial transmissiorto and from
thecompute. Softwae was asorequired within the powe unit to instrud the microcontroller to
handlethe informationandactuponrequests from the computeFinally, software was required
to allow the compute to communi@te throudh the seial port to thepowe unit. The termind
emulationsoftware “Hyer-Terminal” supplied with \WMidows 95 was used tether with a user
interface rouine devebped byDr. Shridhar Nah atlowa Sate Unwersty.

The UART is the hardware link between the computer angbdleesr unit control board. The
onechoserfor this project is progammed and controlled lite power unit's microcontrollerA

very simple command structure was developed to send status information to the computer and to
acceptrequest fromthe conputer o make systemsetip changs. This is detiled in appendxk C.

Upon startup, the power unit initializes and setsthgUART and listensfor communication

from aterminalor acomputer. The sytem will run normallywith or without beingconnected to
atermind.

The softwae tha communiates with the powe unit isencoded in the microcontroller memory.
This softwae is only activated when a compute is connected to thepowe unit and transmits
information in the appropride forma; othawise it remans inactive, dlowing direct opeation of
the sytem throug the pushbutton controls on the irmggndependent of a computer.

10



A low-speed communications rate of 9600 baud was chosen for the operation of the user
interface software This will not place geat demands on the hardwarele new powerunit and

should be adequate for rapid communications since the commands and status information packets
to betransmitted back and forth between thecompute and powe unit ae very short. The sped

can beincreased later if necessay for qudity opeation.

Dr. ShridharNath and bwa Sate Unwersty’s Electical and G@mputer Engneering Deparient
developeda simple userinterfaceroutineasan application that runs underifdows 95. The
interface rouine uses @phcal symbols © simulate the frontpanelof anMOI power unit and
allows the operator to makessgm chanes throudn the use of either the Keyard or anouse(or
other pointingdevice).

TASK 3. IMPROVED IMAGER.

The imagr was completelyredesiged to accommodatéhe multidirectional eddycurrent
excitation, remoteoperation, sinig-cable operation, video processingnproved shieldingthe
newcolor CCD TV cameraandcompatibilitywith a remote, color, head-mounted video display
About all that was retained was the ama housing

TRANSFORMER/FOIL ASSEMBLY. The transforme/foil assenbly is usel to ecite the
workpiecewith the appropriate eddgurrent exitation. Unlike typical eddycurrent inspection
technguesthat rely on the use of cdis to interrogate the workpece, he megnei-opic imager
inducescurrentsthroudh a thin foil in close pramity to the workpiece.lt is this unique eddy
current exitation method, in conjunction with magto-optic detection, that is covered By5.
patents4,625,167; 4,755,752; and 5,053,704 and other foneagents§]. The currents induced
in theworkpiecegenerat magneic fieldswhich generaly lie within the pbane and parkd to the
surface. However,if thereis an obstruction, such as a rivet or crack, the netig fields are
redistributed suchthatsone of thefield is perpendiular to the surface.lt is these perpendular
maqnetic fields that are detected the mageto-optic sensor.

To employ multidirectional eddycurrent exitation, a new foil patterrwas developedthat
allowed one set of step-down transformers to induce currents in the conventional manner (i.e.,
front to back)andthe second set of step-down transformers to induce currents side toT$ide.
step-downtransformersare necessaryo convert the higer voltag eddycurrent exitation
signalssuppliedby the powerunit to be stepped down in voleagnd stepped up a corresponding
amountin current. Directly transmittingthe relativelyhigh currents required for imagg is not
prectical over any reasonable length of cable. Initial concerns tha there would besignificant
feedbackbetweenthe two eddycurrent exitation circuits were found to be unwarrantetihe

two circuits seem to operate independendlyen thouly theyare electricallyconnected to the
samefoil.

To accommodat four ftansforner cores wihin the mager, the transforner cores were
redesiged. The cores were decreased in Inigy about 30 percent so that theguld readilyfit
into the recessed handle gipgonthelower portionof theimager case. This madewinding with
the traditional 18-gauge conductors impractical. Teflon-coated 20-@uge wire was adequate.
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However,thecore itself and the windirsgare at about their lower practical limits for continuous
operationsince they both heat up sigificantly under certain operatingonditions (mainlythe
lowest and higest frequencies). At the lower operatingfrequencies,resistanceheating
domnats,andthe electical leadsgenerat the nostheat At the hghestoperaing frequencess,

the coreheatng dominaks. Both transforner cores and wing are conservately rated for this
type of opeation; however, the sensor's opeating chaacteristics ae sensitive to large
tempeaature changes, and stdle cooler opeation is desired for thehighest qudity imaging.

After a few desig iterations and completion of a couple of propetyassembliesa final
manufacturable version was developed which fits vecgly into the imagr. The smallersize
of the coreslimits the turn ratios to 17:1 compared to 18:1 for the present 30QIcommercial
system. Thiswill have little or no sigificant impact on the eddyurrent induction efficiencfor
the newsystems. Previousversionsof the MOlused 14:1 and 16:1 turn ratio§he lower ratios
require sligntly higher primarycurrent for the desired secondaryrent levels, but theifference
between 17:1 and 18:1 is ordpout 6 percent, well within manufacturitajerances (+/- 10%).

Sometroublewas encountered with the foil for production of the new transformer/foil assembly
It was ordered accordg to the same speciicaions as prewus fol orders. However, he
fiberglass backing material was @nsideably stiffer and morebrittle. Attempts wee made to
obtan new material with thinne, moreflexible fiberglass, but it wa no longr available as a
stockitem. A special method of bendirthe fibergass material without breakingor cracking

the copper was developed.

Figure 10 shows thedatively compact transforme foil assenbly snudy located within thebase
area of he imager.

FIGURE 10. THE MULTIDIRECTIONAL TRANSFORMER/FOL ASSEMBLY
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REMOTE SYSTEM OPERATDN. Onehighly desirable feature for the MOI was the ability to
remotdy opeaate the instrument. The imager is easlly capable of opeating 6 meers (20 feet)
from the power unit, and manyrganizations use an dgnsion to etend this to 12 meters (40
feet). Even 18 meters (60 feet) is possible ith slightly reducededdycurrentexcitation
power. Thesedistancesaredesrable when nspeding large arcraft The power urtimay remain
at a convenient location while the inspector crawls over the airctdtiwever, it is often
necessay to adjust the instrument sdtings, changng frequency, or turning eddy-current
excitation off when examiningregons with ferromagetic fastenersWithout remote control of
the sytem, this tpe of operation requires two people.

Laboraory testing showael that it was possibleto transmit informaion beween theimager and

the power unit throug the DC power leads in the slagable bundle By isolatingthese power
leadsat eachendwith DC choke coils, pulsed information can be impressed on the line and then
sensedt the other end prior to filterinthe noise sigals from the power supplied to operate the
circuit. The powe unit transmits its informaon to theimager on the-12-VDC ling and the
imager communicatkes back overie +12-VDCline.

With the development of the pn@nmable power supplyn the power unit (in Task 1), the
imager can send configration chang requests to the controllerard in the power unit and
chang the frequency power level, and mode of eitation. A three-button sstem was
developed for operator convenience and simplidye button sets the mode bycling throudh
four functions: imager level, frequency power level, and extation mode. The other two
buttons, labeled + and - are used to increase or decreasehighlegl function.

The imager initializes with the image level mode active. Pressingthe + or - button réses or
lowers the imag level as required bthe inspection.Pressinghe modebuttononcemakesthe
frequency modeactive. The opaator may then rase or lower the frequency in predetermined
steps as desired?ressinghe mode button agn sets the power level activ@he + or - buttons
can then increase or decrease the powe level seting. Thethird press of themodebutton sés the
eddycurrent exitation function active Pressinghe + or - buttons allows the operatoictmose
multidirectiond excitation front to bak only or sideto sideonly or off. Findly, thenext press
returns thesystem to theimage level mode

This remote opeation capability, combine with theon-sceen displa informéion (see Task 4)
available in the head-mounted video displajiows the operator to set this instrument as
necessanand verifythat the settingare correct without ever lookirggvayfrom the inspection
surface.

COLOR CCD TV CAMERA. In recent gars, higply sensitive, compact, self-contained color
CCD TV cameras have become availalieiring Phase,laCohul1322-1000modelcameravas
identified. In Phase I, one was obtained and found to perfanran acceptablananner. The
mgor consideations wee the low-light levels available and theelectrically noisy environment.
The camergperformed verywell with respect to both of these conceri¥ith the Cohu camera,
it was possiblgo transmit thevideo sighd to thepowe unit throudn asinde cable, as disaussel

in more detail under Task 1.
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Thetop plate of he mager was redegined b acconmodat the new cabr canera, b improve
thermal problems associated with hea&hegated inside the uniand to provide separate
connections for the color camera and for timead-mountedvideo display A machined
aluminum plae with heat sink fins ad the appropride fittings for a new camera bracket was
despned. This replaceda seres of sheetnetal pars prevousl used ¢ cover he mager and
hold the monochromeCCD camera head.The color CCD TV camera was adapted to the MOI
302 alongwith the sinde cable in an improved imagthat became commercialfyailableearly

in 1995.

IMPROVED (BRIGHTER) LED’S. New, improvel light emitting diodes wee evauaed. The
latest generationof LED’s provides much igater lidit levels at lower power which helped
reduce heating within theimager. A very bright yellow LED was séected. It has anarowe
angle of illumination than the previously useal LED’s, but testing showel tha the LED’s provide
bright, uniform illumination. Use of the brigter LED’s provided better contrast in the viewed
image and alowed the color CCD amera to opeate with higher light levels and theefore less
noise.

ON-SCREEN DISPLAY . With the addiion ofthe conpactcolor CCD TV canera,the conplete

video sighal was available within the imag (the previoussplit-head monochromecamera
processedhe video signal within a separate camera control unit, and the video was not available
attheimager). Thisdevelopmenmade practical the addition of a portable head-mounted display
and made it possible to add alphanumeric information toigpay The additionneededo be

done within the imag, however, so that the on-scremfiormation was availableat both the
head-mounted displagnd at the power unit.The on-screen displaywas implementedin a
separate task (see Task 4).

HEAD-MOUNTED DISPLAY CAPABILITY. The new, compactcompletelyself-contained
color CCD TV @meras madeit practical to dso ald remoteviewing with alightweght, porteble
head-mountedlisplay With the video sigal and the DC power available within the iragg
connection of a head-mounted displegs relativelyeasy

A connector was added and asinde retractile cable was developed to carry both thevideo signd
and power to the head-mountedlisplay While this cable is not ideal for caing video, its
relatively short length dlowed little or no déerioration of thesignd or dectrica interference.
Video is normallytransmitted througa 75-ohm, unbalanced caalxcable. Theretractilecable
contains onlyfour unpaired leads surroundeddsghield. However,it workedquite well for this
application.

The video sigal from the CCD TV camera was buffer@dolated through an operational
amplifier) to eliminateany possibleproblemsfrom ground loops and to provide a steddgd to
the camerawith or without the head-mounted displagttached. In addition, the on-screen
alphanumeric displapwformation was gneratedwithin theimager andaddedto thevideostream
sentto the head-mountedisplay This allows the operator to know thestgm configiration at
all times without lookingat the power unit, which mde 12 meters (40 feet) away
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SINGLE-CABLE OPERATION. The singe-cable operation was discussed in detail in Task 1.
The shge-cablk connedion geaty easedhe inge assoated with a separat imager cabk and

TV cable. It also made possible a 12-meter (40-foot)epgion from the power unit.The
previous monochrome camera had a compiexiticonductor parallel cablhich could not be
readily extended.

ELECTROMAGNETIC SHELDING. Prior to Phase dlevelopment of the MQIt wasthougt

that the presence of anglectrically conductive materials (metals) near the sensor or even the
base of the imager would distort the electromangtic fields induced bythe eddycurrent
excitation. However, duringthe course of Phaseit was subsequentlgiscoveredthat certain
metals acualy enhancedhe images and increasedhe sgnal to nose kbvels apprecably, asmuch

as a faatr of 3 n sone cases.

Theadditionof aluminum shieldinglose to the secondalgads and the workpiece strémgned
the imag level substantially The degee of strentheningdepended on how wethe conductor
matched the workpiece surface. The addition of appropri&telted electrically conductive
metal shieldingwas found to improve the sigal-to-noise level observed in the sensér.thin
sheetof shieldingwas found to offer sigficant improvement as illustrated in @ige 11a, but a
thicker sheet figure 11b, offered noticeablybetter improvement.The effective footprint of the
sheetwas found to be vergignificant, and the shieldingeometry shown in figire 11c, nearly
matched he perfornance of he ticker sheet The inclusion of ferromegneic materials or even
traditionalshieldingmaterials, such as Mumetal, was found to decrease the-toapise level
whenit was applied outsidethe secondaryeads of the transformer/foil assembljHowever,
whenplacedinsidethe secondaryit offered additional imaglevel improvement.Placement of
aluminumon the inside further decreased the imtaynoise levels.Copper was used in place of
aluminum,andit too was found to be beneficiaHowever, the hig densityof copper makes it
less tha dtractive for added shidding in the imager since the weight would increase
significantly.

shidding transforme/foil

assembly
A

AN N AN NN

workpiece

FIGURE 11. ELECTROMAGNETIC SHELDING
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The general conclusion is that the presence of nonferromidgmetalsincreaseshe signal-to-
noise level of the sensor when placed outside the transformer/foil ass@mablis secondary
leads, whilethe presence of shidding certain ferromagnetic maerials sud as Mumeal, improve
the imag levels when placed inside the secondaags. Finally, the better theouplingbetween
the shelding and he workpece, he geaer improvenent in image-to-noise bvel for the sensor.

Based onhiese concisions, he base oftte mager was redeginedusing aluminumto replacethe
existing Delrin™ (a nonconductingeadily machined structural plastic)The proximity of the
base to the secondatgads does cause sonm&uced eddycurrent electrical heatingof the
aluminumbasematerials putit is amuch better conductor of electricitiyan the Delrin, and this
removes exess heat The neteffectis an mprovenent in overal thermal performanceaswell,
althoudh this is difficult to quantify

TASK 4. ON-SCREEN DISPLAY.

With the lightweght, sesitive color CCD TV @meras, the on-sceen display of systam
parameterdbecamepossible. Frequency power level, mode of operation, and iradgvel
sdtings could beinjected into thevideo signd and displged on thepeiphey of theimage. The
systemsetupinformationcould be generatedand summed into the video saj. The composite
signal could then be sent to a portable, head-mounted viewer whathacesdirectly to the
imager and to theremote displays connected to thepowe unit. This eliminates the need for
hard-wireddisplays on the power unit. In addition, anyecorded inspection would capture the
entire systemsetupfor archive purposesThis task was not origally proposed in Phasé but
was added adt the new sdicontained cobr CCD TV caneras becamavalable.

To developthe on-screendisplay feature, it was necessaty strip the vertical and hoontal

synchronkation (sync) sgnals fromthe video waveformand hen gnerae a bt patern for each
video line based on the alphanumeric information desirbeé tiisplayed. Usingthe sync signals
previouslystripped from the raw video input, the sequeoicdotshadto be clockedaccurately
and summed with the video sig. The circuitryto do this was added to the bias conbr@drdin

the imagr. The dot patterns had to be broken down into even and odd fields Hoetbdtl lines

are taced onhe screen dung the first haf of a frame and henthe evenlinesduring the nex

half of the frame.

The bt patern for each adhanuneric charactr abng with sorme cusbm desgned symbols were
progammaed into the pemanent, on-boad mamory of the microcontroller. The microcontroller
wasproganmed to receve thealphanuneric information fromthe power urtiand sbre t during
the quiescent period between the eddyrent exitation bursts.It then converts the information
into the appropride dot patern and writes theentire propely assenbled dot pdtern into video
memory. An Altera® progammable logic arraythen accesselé video nemory, synchronkes it
with the raw video input, and displayt at the proper time duringach video field and frame.
Figure 12 showsthetypical display The active function is higighted in a dark, reversed hox
The circuit diagam for the imag control board is shown in appenddx alongwith the circuit
diagram for the Altera® device.
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FIGURE 12. THE ON-SCREEN BIPLAY. The active function is higighted in a
dark, reversed boxThe mode is chamg by pressinga sinde button.
The sequence is as follows: a, iradgvel; b, frequencyc, power level,
d, excitation mode then back to g image level.

TASK 5. REAL-TIME IMAGE PROCESSING.

Conventional imag processingoncepts, an ima&gmappingand stackingpproachanda new,
real-time image processingconcept were evaluaed in this tesk. Dr. Shridha Nath of lowa Stae
University evaluatedthe more conventionalimage analysis techniques. A new electronic
backgound reduction technique was developed and demonstrated at the Kirkland office of PRi.

CONVENTIONAL METHODS. Dr. Shridhar Nath, bwa Sate University(ISU), evaluated a
numberof conventionalimage processingalgorithms under a separate NASAagt. Magneto-
optic imagng methods can be empley for scannindarge surfaces to detect defectd40l
images are characerized by serpenne stuctures due d the natire of he negneic domains
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associated with the sensor, as shown iarédl3a. Although the serpentinestructurescloud the
image, theyare usuallyof limited concern in the case of surface breaklafgcts. Such defects
typically generate hig-contrast imags and, consequenglyvarrantlittie or no postprocessing
The contrast level and thequdity of theimages, howeer, dderiorate as the depth of the flaw
below the surfaceincreases.The contrast is usuallgoor, and the dominance of the serpentine
strudures in theimage makes it difficult to identify the defect.

To detect subsurface defects, it is imperative that the eésnbg processedo minimize the
presence of the sepentine strudures and enhance the contrast and qudity of the defect image.
Theimage processingroutines have to beadgptive and opeate in real time sine the sepentine
structures dyamicallychang their position and shape as the sensor moves from one lotation
another. Successful implementation of suitable ireggocessingoutines can contributgreatly

to the devabpment of a relable and efftienttool for deecing subsurface corrasn and faws n
aircraft structures.

In researchconducted bylSU under a NASA ant (NAG 1 1799, 1996), several ingag
processingschemes for enhanciddOl images were studied. This research providgdoroud
guantitativeunderstandingf the effectandimpactof a varietyof techniques as applied to MOI
images. Three techniques thda were paticularly sucessful in enhandng the qudity of MOI
images were studiedin greater detail as part of the NASA funded project. The methods
evaluated include

. morphologgcal filters,
. corrdation filtering, and
. image overlayand mapping

The following sections describe each of the successful methods bieefyonvenienceof the
reader.

Morphologcal Filtering. Grayscale morpholagal methods have a demonstrated track
record of sucess in minimizing noise and diminating unwanted atifacts in imayes. The
fundamental stratgginvolves seekingset-theoretical relationshipgsetweenthe image and a
predetermined structuring element. Image filtering typically involves a sequence of
morphologcal operations called erosion, dilation, openiagd closingusing thepredetermined
structuring element

These opeaations @n becombinal in an gopropride manne to sdectively isolate or filter
an artifact. Recent development3][in the field allow morpholagal operations tde usedto
sieve objects of vaious size in theimage usinga sequence of struduring elements. The ability
to sieveobjects gves morphologal methods an dsaordinaryability to minimize backgund
noise and artifacts such as those encountered iniM&es. One of thechallengsassociated
with the use of morpholagal approaches involves the identification of an optistalcturing
element. Work done to date abwa State §] has showrthat the morphologcal granulometric
density fundion can beemployed veay effectively to ddermine the sizeand shge of the optimd
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struduring dement. Figure 13 presents someprdiminary dda obtaned to dde in redudng
artifacts in aa MOl image.

Correlation Htering. The correlation filter approach models the baokgd regon in
the imag as a random processlhe gal is to sythesize filtersthat can recoquize specific
texturesin the image. As an exanple, congiler he case where we havwwd image regons
representinghe backgound and defectWe construct filtersh;(m,n) andhy(m,n) such hat the
outputof thefilters peak selectivelyvhen portions of the imagepresentinghe backgound and
defect regions ae gpplied to thetwo filters, respectively. It can be shown thathe approah is
optimd when the noiseis normdly distributel. Corrdation filters are extremely simple to
implement. Thefilter design proedureis dso vey simpleand straghtforward.

b

FIGURE 13. PREIMINARY DATA FROM A SURFACE H.AW USING
MORPHOLOGICAL OPERATORS

Image Overlay and Mapping The imag overlay and mappingtechnique involves
averagng overlappingsegnents in a contigous set of imag obtained in the process of
scanningthe surface of the test specimehhe method is similar to the procedymemposedoy
WEelch [9] as part of the procedure for estimatiing periodogam of signals. The technique
minimizes the noise variance in the ireagithout requiringa large numberof images. The
proaess of aeraging is simpleand @n beautomded essily.

Two set of 36 images were acqured, one sefor each of wo different defecs. The
imager translated 6.35 mm (1/4 inch) front to back or side to side betesg#nreof successive
images, creatingmany overlappingviews of the defects.Processingheseimages by digitally
translatingand stackingthem,thenaveragng was predicted torgatly reduce the backgund of
magnetic domains.This was predicted to improve the iséd-to-backgoundlevel, especiallyfor
relatively weakimages such ashtose okained fromcorroson or snall surface defest whie the
desired sigal was enhancedigure 14a shows one of tB& images of the larger of two defects,
and figure 14b shows one of the imesgof the smaller defectNote that the smalletefectcannot
be visuallydetected from this sihg image since itblendsinto the backgound of magetic
domains.

19



b

FIGURE 14. TWO SETS OR36 IMAGES WERE OBTAINED FOR TWO DIFFERENT
DEFECTS. The first defect,althoudh small, was readilyisible, even in a
sinde raw imag, a. The second defect, b, was barelgtectable and was
hidden in the imagbackgound prior to imag mappingand stacking

After removingimage distortion caused bypff-axis viewing by the CCD camera,the
images in each set were translated to match their proper @woaifions and stackedSince the
image of theddect remaned in thesane location in this stak up ofimages, therelatively smadl
signal available constructivelyadded. However, since the residual bactgnd of magetic
domains shifted with each vw, heir signals averag raher tian consuctively addng. Thus,
the defect sigal was enhanced with respect to the bemkgd. Figure 15a showsthe results
from processing subset of 12 raw imeg} and figire 15b shows the results from processilg
36 images. This will be developed furthe for future implementaion in cnjundion with
magneo-opticimaging systams.

FIGURE 15. PROCESSEDMAGES USNG IMAGE TRANSLATION AND STACKING

20



Although the smaller of the two defects could hetreadily detectedn a sinde image
(figure 14b), the imagmappingtechnique was able to teact a weak but readilgetectable
signal, as shown in figre 16. A subset of 12 of the 36 raw imegywas processed producethe
results shown in figre 163 while dl 36 images wee combinel to produe the image shownin
figure 16b. The gaybands in figires 15 and 16 are artifacts of the procestngnique used.
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FIGURE 16. A SMALL, BARELY DETECTABLE DEFECT ENHANCED SUFRIIENTLY
TO BEDETECTED

ELECTRONKC BACKGROUND REDUCTON (EBR). Image processingshowed god
potential for greatly improving the sensitivity and informdion content of the magneto-optic
images during Phasd usingplug-in boards in a PC-basedssgm. However, plugin boards and
computerswould add complexty and cost to the MOlsystem, so it was hidy desirable to
develop and implement imagenhancement usingess hardware and softwareWith the
developmenbf new, singe piece cameras withogd sensitivityto low-light levels, the potential
for a new advanced method of ineagrocessing electronic backgund reduction (EBR),
becane posdle. The conceptiseshe GCD TV caneradirecly aspart of animage processig
system as follows:

. First, the sensor is erased (reset to dark backg with bright residual magetic
domains).
. Next, the sensor is illuminated for 5 milliseconds with polarizekitlig he polarization is

adjusted so that the backgnd is darkand reversedmagietic domainsare bright, as
shown in figire 17a.

. The power unit then provides an edzyrent exitation burst of 4 milliseconds to
generate theimage.

. Finally, the sensor is illuminated aig for 5 milliseconds with ligt of reversedoolarity
(i.e., the polariation is adjusted so that the baakgnd is bright and the reversed
magneticdomainsdark, includinganyregon wherean imag of the defect was altered by
the eddycurrent exitation burst). This is shown in figre 17b.
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FIGURE 17. THE ELECTRONIC BACKGROUND REDUCTON (EBR) TECHNIQUE

Since the CCD TV cameraintegates light over this entire time period, the initial dark
backgound combines with the subsequent birigackgound and ields an averagillumination.
Likewise,the bridht serpentine domains are summed with the dark serpentine domaieglto y
the same averagillumination, i.e., the imagis the same evemhere. Only wherethe eddy
current excitation causel the magnetic domans tochangebeween thetwo illuminaion peiods
does anymage appear.Although there is a sligt loss in contrast, the badgkgind noise isiearly
eliminated.

The EBR reguires acamera capable of opeating in frame integration to synchronize with the
camera and operate at a burst repetition rate of 30 per seddmdstandard field integtion
mode used with most cameras would require a burst repetatieof 60 persecondvhich would
doublethe powerdeliveredto the imagrs transformer/foil assemblyThis is not practical as it
would cause rapid overheatinfithe instrument.

The EBR techniquecannotbe usedwith a color CCD camera since the color CCD camera cannot
operate in frame integtion mode like a monochrome CCD cameltais not desirable to revert

to a black and white format since color ireadnave found favor with almost all operatorsn
alternativeis to use a monochrome CCD camera and then false-color the imagve the
appearancef a color CCD camera. This is possible but would be complard is begnd the
present work scope.

TASK 6. PRODUCTION REQUREMENTS

This task eamined the product certification requirements for bothUlseand the European
Union with its new Commission Europeenne (CE) certification requirements, since thes MOI
usa interndiondly. Instrumeits produed in the U.S. must me Fedeal Communi@tions
Commission (EC) requirements.Equipment intended for @wrt to EuropeanUnion markets
must also consider the need to meet steng CE electromaggtic requirements.Since 1995,
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producersof electrical equipment for use in European Union countries must make certain that
their instruments and appliances do not conduct electrical mbasthe powermainsanddo not
radiate electrical eneyaat levels above those specifiefin assessment of the M@hdits mode

of operation, however, showed that it would not be compliant, at least as far as radiatgd energ
and further, it probablgould not be made to be compliant with theseilegns.

The MOI operation requires that electromagjc energ be transferredo the componenteing
inspeced. The fol used ¢ induce eddycurrens is bascaly a relatively inefficient broadcast
antenna. The gneration and transmission of these relativieilgh currents used to induce the
necessargddycurrens in the workpieceare notconsstent with the levels speciied in the CGE
regulations. There are provisions in the EC regilations for eemption of specialied
equipment, sut as the MOI, but thee seems to belittle provision for éectrical equipment of the
nature of the MOto be addressed in the new CEulagjons.

Efforts were undertakerto reduce anlectrical noise conducted from the M@ack into the
power lines. The DC power used to operate thestsyn was enerated bya commercial,
universal input DC power supplyhich meets the standard¥he otherpower,usedto operate
the eddycurrent generation circuitry, was isolated from the main power lines thriougn
isolation input transformer and a larfiiter capacitor on the input.

Physical evaluationof the prototype instrumentfor compliance was not performed, as it was a
relatively expensive activity, and wa not orignaly included within the research worksope
This type of activitywill need to be conducted as part of the PHAssommercialization effort
when t becones necessary

PHASE Il REQULTS

IMPROVED MOI IMAGING.

The purpose of the Phadeeffort was to develop new prototypeimagng systemwith improved
capabilities, particularlfor detection and imagg of corrosionand secondlayer cracks. The
combined application of edeyurrent exitation in twodirectionsand the improved excitation
waveformmade a significantimprovenent in the deécion of corrosbn and subsurface defect
usingmagneto-optic/eddycurrentimagng technolog. There is a syergsm in generatinghigh-
qudity images experienced with thesimultaneous, phaeeddy-current excitation gpproah tha is
not obseved with theothe multidirectiond excitation techniques orwith examingion from one
direction followed byexamination in the orthampal direction.

Images producedwith older MOI imagers and the new MOBO3 with of multidirectional eddy
currentexcitation are shown in figre 18. Bth imags were obtained from the same area of a
riveted lap-joint, fatigue crack test specimen using50 kHz eddycurrent exitation. The
protruding bars on both sides of the left rivet in each piture are mages of fatgue cracks
(arrows). For comparison, the rivet area on thétiogn each imagshowedno detectablesigns of
cracks.
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FIGURE 18. IMAGES PRODUCED WIH THE NEWMOI 303

Previous versions of the MQulisingonly linear eddycurrent exitation, onlyhadthe ability to
produce parél images which were charaerized bythe {pical slotted screw-head appearance as
shown n figure 18a. The nulfeaure passig vericaly throudh the cengr of each wet is
confusingand not intuitive, and the theoof how the imags areproducedmustbe explained
carefuly to each operat of the syptem

The new MOI303 produces complete imegyof defects, as shown indig 18b, demonstrating
the oveall improvement in image qudity resulting from the implementaion of multidirectiond
eddycurrent exitation. Previously for a complete eamination, the workpiece had tme
evaluaed from two orthognd directions for ®mplge coverage. The multidirectiona eddy-
current exitation halves the inspection time, since a second scan is rer loecessary

The new mager is now abe to beter access sominspedton surfaces asce t can be oented n
the most convenientmanner without anyoss in imag information, as shown in fige 19.
Previously good qualityimages were formed when the ima&gwas orientedperpendiculato a
fatigue crack,asshown in figire 19a. However, when the ima&gwas oriented so it was nearly
parallel to the crack, the ima@f the crack caduallyfaded as shown in fize 19b,andfinally
disappeare@ltogether. With multidirectional eddycurrent exitation, god qualityimages are
obtained with anyrientation, as shown in figes 19c and d.
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FIGURE 19. THE EFFECT OF MUIIDIRECTIONAL EDDY-CURRENT EXCTATION

Figure 20 shows nages of the subsurface defexin the MOI setip sandard. This standard
containsa 5-mm-long(0.19-inch) electrodischaggmachined (EDM) notch énding from a
rivet, which producedthe images shown in the upper left of all threedrgs. It also contains a
9.5-mm-diametehole (0.375-inch)in the secondayer which produces the barelysible imags
shown in the right of each fgure. Linear eddycurrent excitation at 10 kHz is appied
perpendicular to the direction of the subsurface EDM notch urdigOa. In figure 20b, linear
excitation is appled parald to the drecion of he subsurfac&DM notch, andthe notch is no
longer detected.However with multidirectional ecitation, figure 20c, thenotchis imaged and
detected regardless of the orientaion of the imager. The complde image dso mkes
interpretation easier; the crack image is mud easier to distinguish from theportion of theimage
causedby therivet. In addition, the imag produced bythe hole in the second kyis more
pronounced with rotatingxcitation than with either of the linear @sation modes.
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FIGURE 20. MAGES OFTHE SUBSURFACE DERECTS N THE MOI SETUP
STANDARD

Figure 21 shows results for the setup standard from low frequénkkiz excitation. At this low
frequency resolution is lost and the notch is harttedistinguish from therivet (seefigure 20).
Linear eddycurrent excitation applied perpendicular or parallel to the direction of the hole
produes the patial images shown in figres 2laand b. However with multidirectiond
excitation, the second-lay hole is imagd and detected reglless of the orientation of the
imager, as shown in figre 21c, makingletection and interpretation easier.

FIGURE 21. LOW-FREQUENCY (3 kH2 IMAGES OFTHE SUBSURFACE DEFECTS N
THE MOI SETUP STANDARD

A lap-joint test standard was fabricated for inspetion of faigue cracks in thethird layer of the
bottomrow of rivets. The material was 1 mm-thick (0.04-inch) Alclad aluminum aircraft alloy
and all skins were 1 mm thick (0.040 inchipterchangablethird-layer panelswere fabricated
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which had EDM notches ramg from 2.5 mm (0.10 inch) t6 mmlong (0.20inch) andoriented
either parallel or at a 30-desg ante to the edgof thelap. An image obtainedfrom this panel
using linear eddy-current excitation is shown in figre 223 while multidirectiond eddy-current
excitation, figure 22b, produces more complete and cleareremafjthe defects in this standard.

FIGURE 22.IMAGES OF 5-MLLIMETER-LONG (0.200-NCH) NOTCH N THE THIRD
LAYER OF THE LAP JOINT TEST STANDARD WITH 3-kHzEDDY-
CURRENT EXCITATION

Figure 23 shows a comparison of ireagpbtained from a corroded aircraft panel removed from
savice using linear eddy-current excitation in figures 23aand b, aad multidirectiond eddy-
current exitation in figure 23c. Only portions of the corrosioare generatedin the linear-
excitation images, whiletheentire region is imayed with multidirectiond excitation.

FIGURE 23. A SERES OFIMAGES OBTAINED FROM ACTUAL CORROSON ON A
PANEL REMOVED FROM AN AGNG AIRPLANE
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In figure 24, imags of corrosion are shown as the frequeiscyaried from 3 to 10 kHzAt 25
kHz the corrosion is no lomgy detectable At 3 kHz, figure 24a,the corrosionis quite distinct.
At 5 kHz, figure 24b, the corrosion is still readiitected but not as strongprominentasat 3
kHz. At 10 kHz, figure 24¢ the corrosion is still deectable, but is wek. By noting the
thicknessof the aircraftskinin thisregon and that the corrosion is detectable at 10 ktiznot
at 25 kHz, the inspector can estimate the extent of corrosion in this rgion with rderence to a
table suppled by PRi. It is not necessaryo have an eact standard for eachotaton or skn
thickness. It is possibleo quikly estimate the dgpth of rrosion in may cases by varying the
frequencyand notinghe hidnest frequencgt which the imagof corrosion remains.

FIGURE 24.IMAGES OFA CORRODED REGDN OFA PANEL REMOVED FRROM AN
AGING AIRPLANE

Inspectionfor corrosionand crackingbeneath temporargatches is of increasingoncern for
maintenanceof aircraft Some of these pathes nay remain in place for an ebtended permd of
time prior to pemanent repair, so inspetion is required to ensuretha the area beneath the patch
is not dgrading furthe. The MOI is aurrently bang tested to showtha it is capable of
performingthe necessarynspectionsandsome results are shown indig 25. Stop-drilled and
plugged holes on the origal skin beneath the patch show up thex a rivet in figire 25a.
Corrosion beneath a patch cleashows up in figre 25b as an eloated bar beneath a rivet.

FIGURE 25. IMAGES OF CORROSIN AND DEFECTS ENEATH A PATCH
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PROBABILITY OF DETECTDN.

The MOI 303 was used for evaluation of the crack panels developed at thg Aigcraft
Nondestructivdnspection Validation Center (AANC), located in Albuquerque, NVhe new
MOI 303 performed sigficantly better than a previous version (M@01), asndicatedby the
probability of detection curve shown in fige 26. The lenghs were measuredrom the rivet
shank, so those letits in the rang of about 1 to 1.25 mm (0.040Q@d50inch) arevery closeto

or even sliggtly beneath the rivet heads (thetemt of the rivetheadvaries with the many
different rivet styles usedin these panels). Previously the 90/95 percent confidence level
correspondedo a crack lengh of about 2 mm (0.078 inch) from the shank, or about 0.9 mm
(0.035inch) beyond the rivet headThe new values for the 90/95 percent level corresponded to a
crack lengh of about 1.25 mm (0.050 inch), as measured from the shank, calmy0.1 mm
(0.004 inch) begnd the rivet headThese improvements catiow anairline to catchcrackingat
anearlierstage in development.In addition, better detection nigultimatelyallow an airline to
decrease inspection intervals, thus reduamragntenance costdt is also noted in figre 26, that

the MOI 303 produced a higpr number of unverified “false callghanthe MOI 301. The
increase in false calls még due to geater sensitivityf the MOI303 in detectinglight, out-of-
round fabrication conditions of the rivet holeBhat is, these false calisay or maynot actually
representeal physical anonalies. However, his is only specudtion shce he actial test panes
would have to be disassembled to fullgrify this assumption.
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FIGURE 26. PoD CURVE FOR MOB03 USNG MULTIDIRECTIONAL EDDY-CURRENT
EXCITATION COMPARED THE PoD FOR THE MQ301
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CONCLUDING REMARKS

The Phasel leffort developed the MOBO5, anext generationprototype imagng system. The
mostsignificant feature of the MOBO5 added durinthis progam is the capabilityo excite the
workpieceusingmultidirectional eddycurrent exitation. Phase Il demonstrated that the power
to drive both transformer pairs could be derived from aleisgurce without anyegtive
interaction. This served to decrease the comijilexsize, and weidpt of the power supplyA
progammable hif voltage power supplywas developed and successfutlyplemented during
the early stagesof this progam clearng the wayfor successfutenote operaiton of he sptem
A concept was developed to send information to and from the powdramitheimager andan
RS232 interface was added to allow computer operation of teemy A color CCD TV
camera was implemented in Phae II. The color camera chosen hal vey high light sensitivity
which was esserd for use wih the MOI because ofhie reétively low light levels available for
viewing. An on-screen displagoncept waglevelopedand successfullyimplementedwhich
displayed the imag (bias) level, frequencyower level, and eitationdirectionon the personal,
head-mounted displayNew color video monitor/displaynits werefound to work well in the
new prototpe power unit.

Image processig was evalaed on tvo fronts. Researchers atowa Sate Unwersty, with
support from NASA, evaluatedan image mapping and stackingmethod as well as more
conventionaimage processingechniques.The conventional methods were applied tatdigd
and stored imag. Some of these techniques were useful for improwgiggal to backgound
levels. Theywill need to be further developéar real-timeapplication. Theimage stackingand
remappingechnique was particularguccessful in d@xractingan otherwisetoo weakimage from
the backgound. This technique requires mamyages to be gthered and then postprocessed.
Although highly successful, it is difficult to applthis technique in the fieldThe conventional
image processingechniguegequirethe use of digtal image processindnardware and software
usedin conjunctionwith a computer,addingcomplexty to the use of the MG the field. In
some environments, this will be a practical approach, bothersit will not be very successful,
depending on @mpute skills of the inspetor and the god of the arline complding the
inspection. A new, real-time imag processingnethod, electronibackgoundreduction(EBR),
was also developed and demonstrate® Ry

Finally, a commercial imagg system incorporatingnanyof the prototpe MOI 305 featuresvas

developed,field tested, modified, and commerci@d during the Phaselleffort. it was

desigrated the MOI 303, and it incorporated the multidirectional eddyrent exitation

hardware with an improved eddwyrrent exitation burst waveform for morstable, solid

looking images. This instrument was used to inspedetof surfacefatigue cracktestpanelsat

the FAA’'s AANC where it demonstrated an improved PoD (but with ddrgunverified, false
cal rate) than an olde modé MOI.
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APPENDIX A LSYBTEM COMPONENTS

OVERALL.
Magneto-optic/eddycurrent imagng system prototpe
Power unit
Imager
ColorCCD TV amera
Imager o canera cale
Main Cable
POWER UNIT.
Physical:
Dimensions: 14.5 by5.75 by13.75 inches
Power: 120 VAC, 60 cgle, 1 Amp
Weight: 22 pounds
Opeationd:
Eddy-current exitation frequencies available:
1.5, 2.0, 3.0, 5.0, 10.0, 25.0, 50.0, 100.0, and 150.0 kHz
Eddy-current exitation power levels:
Low, Medium, Hidp
Eddy-current exitation modes:
Multidirectiond, Off, Front to Back, Sideto Side
RS-232 nterface
9600 baud, 8 data bits, 1 stop bit, No parity
IMAGER.
Dimensions: 6 by11 by10 inches
Weight: 4 pounds (with CCD TV camera)

Multidirectiond transforme foil assembly

MAIN CABLE.
Eight 18-gauge leads plus onevideo coaxial cable, high-flexibility custom @ble
Overal brad sheld, cutresstant polyurehane acket
Lemo connectors
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APPENDIX B [POWER UNIT THEORY AND ORERATION

The power unit is housed in a small bench top enclodbrawing 212113 shownin figure B-1

is a block diagiam of this system. It consists of four major subsggms: the power control board,
the MOSKET driver board, the pregmmable hig-voltage power supply and thesystemDC
power supply

POWER CONTROLBOARD. Drawing212110, shown in figre B-2, is a schematic drawirgf

the power control board. It consists of three major components, the microprocessor, the
progammabldogic chip, and the R&32 interface.As with the imagr, the microprocessor is a
Philips 87C51with 256 byes of RAM and 32 kilolgs of available ROM.It communicates
with the image controller throudh its seial ports ad dso with an optiond externd termind or
computer by means of a UAR. The progammable logic devce condains the crcuitry to
generatethe eddy-currentexcitation burstfrequencyas well as interface log for controllingthe
progammable power supply

A sync separator (U103) takes the videmsigsent from the imag andgenerateshe horizontal
and vertical sync signalsusedto synchroniz the power unit controller circuit with the imag
controller circuit. It also uses a 14.31818-MHarystal frequency The video signal is
normalizd, buffered agin, and sent to the flat panel colo€ display mounted on the front
panel and to an ésrnal monitor jack for an ésrnal monitor, video printer, or VCR.

The burst frequencygenerated in the pragmmable logc chip is buffered andentto the
MOSHET driver board. Binary datais generated to control the progmmable power supply
The eight paallel data lines are buffered with opto-isol¢ors to éiminate noisefrom the powe
supplyfrom getting back into the controller.The printed circuit board is a douldeledboard
desigied usinglang-PCRB It uses throuig-rhole components elusively.

The RS-232 interface is a PC16550 univeasghchronougeceivertransmittef UART) (U103).
It is proganmed by the mcroprocessora receve ASCII dat from a renote terminal or
compute and dlows them to aontrol thefundions of theimager. It dsosendsASCIl daato the
terminal or computer informinig of its current status.

The control progam that resides in the microproessor ROM is rtitled “POWER_3". The
printout is too lagthy to indudein this reort, but it is &ailable as a separate doaument from
PRI, entitled MOl POVER UNIT CONTROL ROUTINE, Version 18ee AppendikE.

HIGH-VOLTAGE PROGRAMMABLE POWER SUPPLY. Drawing 212101, shown in figre
B-3, is a schematic diagum of the hif-voltage progammable power supplylt accepts binary
data from the power unit controller board which is conveligdh DAC to form an analog
referencevoltage. This voltage is applied to an SG3524 pulse width modulator (U208hich
generatesa squarewvavecontrolsignal that drives a power MO&H (Q201) throug a MOSET
driver (U204). The power MOSET switches hig-voltage, unregilated DC power fronthe
bridge rectifier & arate deermined bytheandog rderence. This outputis rectified, filtered, and
fed backto the DAC as a voltagreference, closinthe feedback loopThe DC output is used to
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powerthetwo power MOSFET bridges on he MOSFET driver board, one for each eddyrrent
channel. U205 and U206 are a pair of comparators that sense the difference bétween
reference voltagand the output voltagand turn on a redHED indicatingwhenthe powersupply

is in “lock”. As with the other boards, the power suppl¢B was desiged usingTang-PCB
and consists of throlighole components.

MOSHET DRIVER BOARD. The power output portion of the circuit, drawi@@2108, shown

in figure B4, is on a separate PC board, partiédiynoise isolation from the rest of thecuit

and partially for optimum ooling efficiency. It contans buffes (U12), trasforme drivers
(U13-16), pulsetransformergT2-5), and the MOSETs (Q2-9). The transformers are custom
designedandbuilt by DeYoungManufacturing Inc. for our application.The power MOSETS

are mountedon individual heat sinks and the board is oriented so that air flow from the fan
passes directlthroudh the fingers of the heat sinksThe power MOSETs arearrangd in two
full-bridge configuraions, one for each eddyrrentexcitation channel Two suchoutputs are
sufficient to implanent themultidirectiond eddy-current excitation sheme

POWER TRANSFORMER. The nain power tansforner is also cusbm desgned and
manufactured for our application BeYoungManufacturingInc. It provides both isolation and
a slight step up (136 VAC) to provide the unuégted hidp voltage to the bridge rectifier in the
progammable power supplyThe primaryis wired so that it can be configedfor 100-,120-,0r
240-volt inputs for international use.
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FIGURE B4. DRAWING 212108, A SCHEMATC DIAGRAM OF THE POWER MOSHT



APPENDIX C LTHE RS-232INTERFACE

REMOTE OPERATON OF THE MOI 305 iROM AN RS-232 TERMNAL. The RS-232
interfacedescribechereinis designedto work with a 9600 baud R332 terminal. It can control
al the fundions of theMOI controller from a termind or compute as well as send staus
information back to the device.

TERMINAL SETUPR The terminal or computer seri@@M) port should be set up as follows:

Baud Rate 9600

Data Bits 8

Parity None
Stop Bts 1

FHow Xon/Xoff

CONNECTDN. A standardRS-232cable should be connected to the-EBconnector on the back
panel.

FUNCTIONS. The followingfunctions are controlled lifie remote terminal:

Bias This control functions as an imatgvel control. It can be setip or downto
adjust the imagto its optimum level to suit thigpe of inspection. Rang is
-64 to O to +64.

Frequency  Thisfunctionsetsthefrequencyeither up or down one step at a time to one of
the followingfrequencies:1.5, 2.0, 3.0, 5.0, 10, 25, 50, 100, or 150 kHz

Powe This sés thepowe to oneof three powe level setings: low, medium, or hid.
Mode This selects one of four eitation modes: vertical, hoontal, rotatingor off.

PROTOQOL. Thesystemis desgnedto acceptcharaatrs n ASCII format from the rminal. The
following characters perform the described functions:

<Space> Advancestlte cursorad the nex function as rghlighted on he MOI screen.

U This is an <up> command that moves the selected function to theigiex
step, i.e., frequendyom 50 to 100 kHz

D Thisis a<down>commandhat moves the selectéunction to the nexdower
step, i.e., frequendyom 50 to 25 kHz

NOTE: These characters function in the same mann#reghbree pushbuttonson the MOI 305
imager. The <$ace> character corresponds to the center tdp-(rgy) button,the D character
corresponds to the left (darkag) button, and the U character corresponds to the(ngry) button.



RESPONSE.Eachtime a commands transmitted to the controller, the controller responds with the
current status of the particular function selected.

<Space> Any time a<space=ts sent to the controller, it respondsdsndinghe current
valueof the newfunction. For example if <bias> is higlighted on the MOI
disply, the frequencys at 50 kHzand <space>s3 sentto the contoller, the
highlighting (cursor) advances to <frequercegither the bias or tHeequency
changs, but the contoller sends <(®)(CR)F(space)05>, nforming the
terminal that the cursor has advanced ¢frequency and whatits current
vaueis.

Bias If the devce s in the bias node asndicaed by the highlighted text on the
MOI saeen and a<U> is transmitted, thecontroller advances to thenext bias
level and responds with <(CR)(CR)B(space)(value}rere <value>is a
hexadecimalnumberbetweerD0 andFE indicatingthe actual bias leveDO is
equivalent to a value shown on the Mfteen of —64; 80 is equalO0 onthe
displayand FE equals+63. Converselyif a <D> is transmitted, the bias is
steppeddownward. For example, if the bias is set at +05, as shown on the
MOI screen, and a <U> is sent, the controller respon@sitgncinghe bias
one ncrenent the MOI disply changs © <+06>, andhe erminal is sent
<(CR)(CR)B(space)8¢.

Frequency If thedevice is in thefrequency modeand ether a<D> or <U> is transmitted,
the controller responds with <(CR)(CR)F(space)(value)> whetee)is a
number between 1 and 9 indicatitige new frequency If the frequencyis
alreadyat its low limit (1.5 kHz) and <D> is sent, it iswgred. Similarly if the
frequencyis at 150 kHand a <U> is sent, it isngred. The frequencies are:

F1 1.5 kHz
F2 2.0 kHz
F3 3.0 kHz
F4 5.0 kHz
F5 10 kHz
Fo6 25 kHz
F7 50 kHz
F8 100 kHz
F9 150 kHz

C-2



Powe If thedeviceis in thepowe modeand ether a<U> or <D> is transmitted, the
controller responds with <(CR)(CR¥pace)(value)> whergvalue) is a
numbe baween 1 and 3. If thepowe is & its low séting, a<D> command is
ignored, likewiseif it is at its high sdting a <U> command is ighored. The
values are:

P1 Low power
P2 Medium powe
P 3  High power

Mode If thedeviceis in themodesdting and ather a<U> or <D> is transmitted, the
controller respondswith <(CR)(CR)M(space)(value)> where (value) is a
numberbetween 0 and 3If the exitation is turned off, a <D> command is
ignored. If the modeis setto <rotating>, a <U> commandis ignored. The
values are:

MO  Excitation off

M1 Horizontd excitation
M 2  Vertical excitation
M 3  Rotating excitation

Initialization When power is applied to the MG05, itcomesup in aninitialized stateand
transmits its déault stdus to thaermind in thefollowing forma:

B 80 (Bias=00)

F7  (Frequency= 50 kH2
P1 (Low power)

M3 (Rotding excitation)

NOTE: Whenevereithertheleft (dark-gay) or right (ivory) push button on the MC305 imagy is
depressed, the controller responds the same as if it receiveda <D*om theterminal. Likewise,
the center (ligt-gray) push button responds the same as a (space) commmagiticases the current
staus is sat to thetermind.
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APPENDIX D LIMAGER CRCUIT THEORY AND OFERATION

Theimager control boad has three mgor fundions. First, it controls thebias which adjuststhe
image level of the magneto-optic sensor. To do this, theimage controller boad generates an
erasepulsewhich refreshegheimage 30 times per second and adjusts the DC level of theeimag
control. Secondijt generateghetext which is superimposed on the videonsifjto provide status
information to the userAnd third, it communicates with thgower controller by sending and
receivingASCII characters over the power supplyes in the main cable.

Drawing212105,shownin figureD-1, is a schematic diagm of the imag controller circuit. It

is broken down into several major componenife videosignal from the cameraprovidesthe
primary system swychronization. Ull is a sgc separator thategerates thehorizontal and
vertical syic sighals. U10, in conjunction with a 14.31814@Hz crystal, generatesthe system
clock. A Philips 87C51 microprocessor (Ul) with 256 t®s of RAM and 32 kilokgs of
avalable ROM is the heartof the syptem It receves and sends dathroudh its serial ports; it
generatedheerasepulse and sends data to the DAC (U6) @énegate the bias level; and it senses
the push-buttonswitcheson the imager to control the mode and status of thestsyn. It also
sends commands to the Altera manmgmable logs device (U2).This device, irconjunctionwith
externd RAM (U3) generates thedot pdtern and timingintervals to providethetext displayed on
the video monitor or head-mounted viewdihe tex data is summed with the video isad byan
operational amplifier, L1203 (U5). The resultingvideo signal is buffered and fed tive head-
mounted displaywhich plug into the imagr and also to the monitor the powerunit. Thisis
done throudh a coalal cable embedded in the power cabiso included on this board is an
array of 38 light emitting diodes whidch provideillumination for thesensor.

Thecircuit resides on amultilayer printed drcuit boad and was designed usingTango PCBto fit

into thetop of the imagr attached to the top plat&ll of its components, with the erption of

the microprocessorthe progammablelogic device, and a few discreet components are surface-
mount parts.

The control progam that residesin the microprocessor ROM is entitleMAGER_01. The

progam listing is too lengthy to indudein this rgort but it is &ailable as a sgparate doaument
from PRI aentitled MOI IMAGER TEST ROUTINE, Version 0.6 [10jee appendik.

D-1
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APPENDIX E LSOFTWARE DEVELOPMENT

The imager and power unit both are controlled with an 87C51 microcontrollExtensive
softwae was written to opeate both units. The microcontroller in the imager communiates
with the power unit, converts data for displaty the video sigal, andcontrolsthe image level
(bias)andsensorerasefunctions. The microcontroller in the power unit communicates with the
image andthe system computer, operates the peogmable hig-voltage power supplycontrols
thefrequency, times, and shges the eddy-current excitation burst.

The progam listings are quite etensive and thegire available upon request from PRi.
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